Two models, one assuming a massive dilaton and the other a massless dilaton, are used to calculate the equivalence violations of the spectrum of atoms. These are then compared and conclusions drawn.
Introduction
Physical processes occuring in a very strong gravitational field have received much attention in recent years. Many theories of strong gravitational fields are troubled by the existence of inavoidable singularities. String theories and Kaluza-Klien theories provide an elegent mathematical framework where large space-time curvature can be studied in a way which provides logical harmony between varies concepts. In proposing that the SM fields are confined to a 3-brane, Arkani-Hamed, Dimopoulous, and Dvali [1, 2] are able to provide a solution to the hierarchy problem. Potentialy of greater importance is that the ADD model lifted much of the constraints placed on higher dimensional phenomena, making it plausable that the supersymmetric breaking scale, Λ SUSY , is much lower then originally believed; having implications for the measurement of the equivalence principle violations.
Superstring theories predicts the existence of a scalar partner of the graviton, the dilaton (φ), which couples to energy and propagates through the extra dimensions. To avoid clashing with verified general relativistic phenomena it is normally assumed that the dilaton aquires mass, m φ , under supersymmetry breaking, giving it an effective range of less then a millimeter. A simple estimate of the dilaton mass is m φ ∼ Λ 2 SUSY /M P l , where M P l is the Planck mass and Λ SUSY is of the order of a few T eV . However, in [3] and [4] a mechanism is proposed by which the dilaton can remain massless, it is this model which will be explored in the third section of this paper.
Massive Dilaton Coupling
In [5] it is assumed that below the string scale, Λ s , the effective field theory is described by the SM fields, in addition to a dilaton and an unknown number of heavy quarks. The Lagrangian for this scenario to first order of κ = √ 8πG N at Λ s is:
(1) where V (φ) and G µν are the unknown dilaton potential and gluon field strength respectively. Note, it has been assumed that at this energy scale pertubation theory is valid, and that the dilaton is the only light modulus.
In order to derive the coupling of the light dilaton to nucleons the methods employed in [6] to investigate the coupling of a light Higgs boson to nucleons, is used to rescale the Lagrangian in eq.(1) to the QCD scale, ∼ GeV . As the operators m iqi q i and ∂ µ S µ are both renormalization group invariant, with the divergence of the scale current, ∂ µ S µ , been:
in which β 3 is the beta function for QCD coupling g 3 , and γ m the mass anomalous dimension. The Lagrangian for the dilaton coupling at Λ s can be writen in terms of these operators, which after integrating out the unknown heavy quarks using [6] , is found to be:
where b 0 = (11 − 2/3N f ), with N f the number of quark flavors below the renormalization scale, and b l 0 is b 0 in the effective theory with only the three light quarks, as shown in [5] . It should be noted that the dilaton coupling Lagrangian in eq. [3] is dependent only on the strong coupling at Λ s , α 3 (Λ s ), and hence the results of this paper are independent of any new physics between the weak and string scales.
The next step is to write the Yukawa potential between atoms i and j:
with,
where χ = (m uū u + m dd d + m ss s). Thus, as in [5] , the matrix element is found to be,
using
Although K is not known explicitly, it can be estimate using eq.(3), and for the minimal supersymmetric extension of the standard model, with 1/α 3 (M P l) = 27 and Λ s = M P l, it is K ≃ 38. Finally the effective dilaton coupling mass, M i can be calculated for all the elements, as shown in fig.(1) . It becomes apparent from the curve in fig.(1) that the dominent parameter is the binding energy, ξ, with M i /M i been greatest at the two ends of the mass number, A, spectrum. However, because of the smaller ratio of neutrons to protons at lower mass number, the graph is skewed to the right, hence the minimum is not at the value for iron. It should also be noted that M i /M i for the isotopes does not vary significantly compared to that for the overal periodic table. By using the results of [?] and the data of fig(1) , a minimal constraint of 5 × 10 −5 eV is placed on the dilaton mass.
Massless Dilaton Coupling
At the tree-level the dilaton is taken to be both massless and have a coupling of the order of gravity, [9] , but this leads to unobserved violations of the equivlence principle. Traditionally this problem is avoided by pravoking a dilaton mass after supersymmetry breaking, however in [3] it is argued that the massless dilaton, due to non-pertubative string loop effects, is exceptable if equivalence holds at the tree-level. The effective massless dilaton action at the tree level, [10, 11, 12] , is given by:
where Φ is the dilaton, F a µν is a summation over the gauge fields, and n≥1 O[(α ′ ∂ 2 ) n ] accounts for the effects of the massive string modes at low energies that need to be integrated out to get the massless modes.
In [3] it is recognised that a factor of g s ≡ e Φ acts as the tree-level string coupling, and that the nth string-loop contribution is found to contain the factor exp(−S dilaton ) = exp(2(n − 1)Φ). The following Einstein metric relations are introduced:
This allows the effective massless dilaton action to be decomposed into matter and gravitational components, writen in the Einstein metric, g µν , as:
where,
The matter dilaton action gives the dilaton dependence on the gauge coupling constants as g −2 = kB F (ϕ). To go from the bare dilaton action to a low energy effective action requires integrating out of the massive string modes between the Einstein metric string scale, Λ s (ϕ) ≡ C −1/2 B −1/2 (ϕ)Λ s , and some observed scale. Using asymptotically free theory the ratio of the infra-red confinement mass scale, Λ conf , to the string cut-off scale, Λ s , is:
The value of b depends on the relevant gauge fields, which for hadrons is dominated by QCD, hence let b = b 3 and B F = B 3 . This is much harder to do for leptons as they dependent on the type of mechanism for symmetry breaking being employed.
If it is assumed that the mass of a particle depends on the vacuum expectation value, VEV, of the dilaton then m A (ϕ) = m A [B g (ϕ), B F (ϕ), . . .], and the non-pertubative string-loop effects should give a minimum m A (ϕ) for a finite ϕ. Cosmological evolution would then force ϕ to a minimum mass value, ϕ m , however if the B i (ϕ) vary greatly from each other, then there would exist a different ϕ m for the different forms of matter. In this case cosmological evolution would be an inefficent mechanism to force ϕ to ϕ m , and lead to large unobserved violations of equivalence. Hence let B i (ϕ) = B(ϕ), resulting in:
with µ A ∼ 1, and ν A ∼ 1. The using the approximation in [13] giveΛ s ≃ g s × 5.27 17 GeV , which will be used in future calculations.
Using the gravitational field equations for the matter dilaton action, and assuming a flat space, it can be writen:
Via parabolic approximation becomes α
In [3] cosmological arguements are used to construct two attracting factors,
for the radiation era (with C + = 15
, and:
is that for the present matter dominated era. These two factors then tell us the factor by which the present ϕ differs from ϕ m via ϕ 0 − ϕ m = F t (κ, Z 0 )△ϕ where △ϕ ≡ ϕ initial − ϕ m . This factor is given by:
and leads to the equivalence violating gravitational coupling:
B ) between two particles A and B, whereḠ is the bare gravitational coupling from the dilaton matter action and α (0)
A is the current dilaton coupling strength to type-A particles.
For two particles in a gravitational field due to an external mass, m E , with accelerations a A and a B , then equivalence violating component is:
If A and B stand for different atoms then the dilaton couplings to protons and neutrons is required to solve the above, where m p = m represents the strong-interaction contribution and E nucleus 1 the Coulomb energy of the nucleus, the mass is writen as:
Setting the baryon number, B ≡ N + Z, the neutron excess D ≡ N − Z, and Coulomb energy term E ≡ Z(Z − 1)/(N + Z) 1/3 , the dilaton coupling is:
which in turn gives rise to the equivalence violating term for atoms:
The coefficents are estimated in [3] to be C E ≃ 3.14 × 10 −2 , 1.
.75 × 10 −9 × κ assuming θ A ± are randomly distributed on the circle (valid for κ ≥ 1).
The equivalence violation for the whole spectrum of atoms is calculated with respect to lead, taking the coefficents to be C E = 3.14 × 10 −2 , C B = 1.1 × 10 −2 , C D = 1.7 × 10 −2 , and κ ≃ 1 by assuming minimal violation. The result is graphed in fig(3.1) : It obvious that the massless dilaton produces a significently different equivalence violating spectrum to that of the massive dilaton, and is also small enough to be in agreement with current observations. However, the lower bound calculated here for equivalence violation for the massless dilaton is too small to have been probed by experiment, [7] ; it is expected that in the forseeable future experiments would probe this region. 
